The numbers of reported accidents related to cranes are increasing during the past 10 years. Although simulation and visualization software are available for path planning of cranes, the high dynamic characteristics of on-site conditions often require re-planning the crane's path to ensure safety and efficiency. Any unpredicted objects on site should be detected and tracked in real time and the resulting information should be used for path re-planning. This paper proposes an approach for monitoring and re-planning path of cranes on construction sites using a real-time location system. Data collected from ultra wide band (UWB) sensors attached to the equipment, in addition to an up-to-date 3D model of the construction site, are used to detect any possible collisions or other conflicts related to the operations of the cranes. Re-planning algorithms are discussed to generate a new plan in real time. The advantages of the proposed approach are: more awareness of dynamic construction site conditions, a safer and more efficient work site, and a more reliable decision support based on good communications.
Introduction
Safety and productivity issues on construction sites are always among the major concerns of project managers. The complexity of on-site conditions requires careful planning and coordination of different equipment to ensure safety and efficiency. Cranes are one of the most frequently used equipment for lifting objects on site. From 1992 to 2006, there were 323 deaths related to cranes in the U.S. (NIOSH, 2008) . These accidents were caused by contact with overhead power lines, struck by booms/jibs, struck by crane load, caught in between, etc. In Canada, there were 56 accidents related to cranes in the province of British Columbia in 2006 (WorkSafeBC, 2008) ; and during the period of 1974 to 2002, there were 23 accidents with injuries, 26 accidents with death, and 13 accidents with material damage related to cranes in Quebec province (CSST, 2008) . Furthermore, the numbers of reported accidents and the resulting deaths are increasing during the past 10 years (Crane Accident Statistics, 2008).
To fulfill tasks efficiently and safely in a complex environment with known and unknown obstacles, ideal conceptual methods are proposed for path planning. During the planning stage, the model-based approach is used, where a 3D model of the site is available, which means full information about the geometry of the equipment and the obstacles is given beforehand, so path planning becomes a one-time off-line operation. During the execution stage, the dynamic environment needs another approach, called sensor-based planning, with an assumption that some obstacles are unknown, and this is compensated by local on-line (real-time) information coming from sensory feedback (Spong et al., 1992) .
Most of the software for crane path planning support only off-line operations, and the main functionality is to locate the crane on site rather than path planning for specific tasks (Cranimation 2007 , LiftPlanner 2007 . The path planner usually visits the site in advance to check the environment and makes adjustment to the plan. After that, when the crane is carrying on the plan, lifting tasks are usually done through a trial-anderror process, based on feedback provided by the operator's own vision and assessment, hand signals of a There are a large number of algorithms available for generating collision-free paths. Varghese and his colleges have been studying crane path planning for a long time. They have tried different algorithms, such as A*, and Genetic Algorithms (GA), for optimizing the path of cooperative lift with two cranes (Sivakumar et al., 2003) . In the research of Ali et al. (2005) , a GA algorithm is used and compared with the A* algorithm and the former is considered as a better solution for two cranes working together. However, they assumed that the site contains only static obstructions, and the proposed solutions only provide off-line planning, rather than real-time control.
Finding the lowest-cost path through a graph is central to many problems, including planning for construction equipment (e.g. cranes). If arc costs change during the traverse, then the remainder of the path may need to be re-planned. This is the case for sensor-equipped crane with imperfect information about its environment. As the equipment acquires additional information via its sensors, it can revise its plan to reduce the total cost of the traverse.
During re-planning, the crane must either wait for the new path to be computed or move in an uncertain direction; therefore, rapid re-planning is essential. An efficient re-planning algorithm should be able to plan optimal traverses in real-time by incrementally repairing paths to the crane's state as new information is discovered. Re-planning algorithms focus on the repairs to significantly reduce the total time required for the initial path calculation and subsequent re-planning operations. Re-planning algorithms generalize path planning for dynamic environments, where arc costs can change during the traverse of the solution path. (Stentz, 1995) .
Deterministic re-planning algorithms, such as D*, efficiently repair previous planning solutions when changes occur in the environment. They do this by determining which parts of the solution are still valid and which parts need to be recomputed. However, as the dimension of the search space increases, for example, in the case of multiple cranes working together, deterministic algorithms such as D* simply cannot cope with the size of the corresponding state space. On the other hand, randomized approaches such as Rapidlyexploring Random Trees (RRTs) are a good choice for solving this problem since they are not crippled by its high dimensionality. RRTs have been shown to be effective for solving single-shot path planning problems in complex configuration spaces by combining random sampling of the configuration space with biased sampling around the goal configuration. RRTs efficiently provide solutions to problems involving vast, highdimensional configuration spaces that would be intractable using deterministic approaches. Brandt (2006) has made a comparison between A* and an RRT algorithm for motion planning of robots, and found that RRT is much faster than A*.
However, in cases where the initial information available concerning the environment is incomplete or the environment itself is dynamic, typically the current RRT is abandoned and a new RRT is grown from scratch. This can be a very time-consuming operation, particularly if the planning problem is complex. For this case, researchers have started implementing the Dynamic RRT (DRRT) as a probabilistic analog to D* for navigation in unknown or dynamic environments (Ferguson et al., 2006) . DRRT depends on repairing the current RRT when new information concerning the configuration space is received instead of abandoning the current RRT entirely. It efficiently removes just the invalid parts and grows the remaining tree until a new solution is found.
Proposed Approach
During the planning stage, 3D environment model is assumed to be available using methods explained in section 2.1. Based on the updated environment model, a collision-free path plan for a crane is generated using DRRT. During the actual construction work, multiple UWB tags are attached to different components of cranes and other moving objects and workers on site to monitor their position and orientation.
For tracking the location of a hydraulic crane, enough tags should be attached to its different components. Tags can be attached to the first section and the tip of the boom for easy installation and to avoid damaging the tags. Furthermore, tags should be located to fulfill the visibility, orientation, and accuracy requirements. Figure 4 shows a schematic boom with three sets of tags (S1, S 2 , S 3 ) attached to it. Each set includes four tags (t i1 , t i2 , t i3 , t i4 ) fixed on each face of the boom, which ensures visibility by the UWB sensors when the boom rotates. The location of the center point of a cross section (P i ) can be calculated based on all or some of the four tags' locations of tags S i . The orientation and the length of the boom can be obtained by connecting two axis points, P 1 and P 3 . The purpose of adding the second sets of tags (S 2 ) is to get a third point (P 2 ) on the axis of the boom and to reduce the error of the axis location, and increase the accuracy by having more points along the axis. The sensors should be set in a way to utilize their antenna pattern which is +/-90 degrees in the azimuth and +/-50 degrees in the elevation. The maximum range of sensors can be potentially up to 200 ft. Considering that the boom of the crane will be raised up during work, the sensors should be facing up to capture the movement of the boom. However, other movements, such as the movements of trucks and workers carrying tags attached to their hardhats, may be out of the vertical range of these sensors. Therefore, another set of sensors facing down is needed to capture different objects. Calibration of the sensors should be done to obtain an exact location of sensors with respect to a local coordinate system. Using a reference tag with a known location, the pitch and yaw angles of each sensor can be calculated. The roll angle is set to 0 because the sensors are levelled during installation.
After attaching tags to objects, information about the configuration of equipment and other moving objects are collected and used for collision prediction. If obstacles are detected, the re-planning algorithm is triggered, and a revised path is generated if necessary to guide the movement of the equipment using the following steps: (1) Send signals to the crane for which the path is blocked to stop the movement; (2) Differentiate the type of the obstacle, e.g., equipment or worker, to decide the priority of movement; (3) Check whether the obstacle is for short or long duration (e.g. shorter or longer than 5 min.) based on the goal and the plan of the moving objects; (4) If it is a short duration obstacle, inform the crane to wait until the obstacle moves, then resume executing the plan; (5) If it is a long duration obstacle, then re-plan the path of the crane to avoid the obstacle; and (6) Execute the new plan.
Case Study
For the implementation part, we started developing a prototype of the system integrated with DRRT algorithm in "Autodesk Softimage" 3D software package with its 3D visualization and animation capabilities. Motion Strategy Library (2003), which includes variations of RRT algorithms, is used as a base library for developing an integrated motion planning solution in Softimage. The DRRT algorithm is implemented based on the RRT-Connect algorithm (Kuffner and LaValle, 2000) .
A laboratory test was applied to a scaled model of a tower crane to simulate a lifting task with a tag attached to the hook. Raw data are collected using the UWB system software showing the tag's name, date, time, and the x, y, z coordinates. These data are transferred to the Softimage through the BVH motion file format, which indicates the hierarchy of the equipment and the motion at each time step. A continuous collision detection is applied to check whether a potential collision exists. Re-planning is triggered when an 
